Introduction
Trace metals serve an important purpose in proper development and function of the brain. Under physiological conditions manganese (Mn) serves as a cofactor to various proteins including phosphoenolpyruvate carboxykinase, 1,2 mitochondrial super-oxide dismutase, 3 glutamine-synthetase, 4-6 pyruvate carboxylase, 7, 8 and arginase. 9 The disruption of trace metal homeostasis has been linked to a wide variety of neurological disorders; overexposure to Mn results in a neurological condition known as manganism, first reported by Couper. 10 Populations at risk include miners, smelters, and welders, professions where the airborne Mn concentrations are high; [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] patients suffering from cirrhosis of the liver, which is responsible for removal of Mn from the blood; [26] [27] [28] [29] [30] [31] [32] and those who use methcathinone (or ephendrone), an illegal substance produced using potassium permanganate. [33] [34] [35] Symptoms of manganism include tremors, bradykinesia, impaired postural reflexes, dystonia, gait problems, memory loss, apathy, and psychosis, several of these symptoms are also exemplified in Parkinson's disease. 17, 29, [36] [37] [38] Unlike those suffering from Parkinson's disease, patients with manganism do not respond to L-DOPA therapy. 39, 40 Despite being described over 170 years ago, the molecular mechanism(s) resulting in manganism are not well understood. Magnetic resonance imaging (MRI) has provided novel insights; Mn 2+ is paramagnetic and therefore Mn exposure results in enhanced contrast of the T 1 relaxation time. Increased signal intensity in T 1 -weighted MRI has been observed in the globus pallidus (GP) of occupationally exposed workers 25, [41] [42] [43] [44] [45] as well as in substantia nigra reticulate. 35 Additionally, MRI has been used a Purdue University, Department of Physics, 525 Northwestern Avenue, to study the kinetics of Mn uptake in rodent models. [46] [47] [48] [49] [50] Using this method, it has been shown that Mn enters the cerebral spinal fluid via the choroid plexus in less than 10 minutes following injection, spreading to the sub-structures of the hippocampal formation (HPCf) such as the cornus ammonis 3 (CA3) in 4-24 hours. 47, 48, 50 MRI generally demonstrates Mn accumulation in the HPCf in rodents exposed to Mn but not in the GP and/or the substantia nigra, 51 in contrast to other techniques such as atomic absorption spectroscopy (AAS), 52 inductively coupled plasma mass spectroscopy, 53 and X-ray fluorescence (XRF) imaging. 54 This discrepancy has not been resolved, although it has been suggested that the Mn binding environment or speciation can critically affect its MRI T 1 relaxation properties. [55] [56] [57] XRF imaging provides a unique tool for studying metal distribution in situ under the condition of Mn intoxication. Unlike MRI, XRF imaging can simultaneously measure the concentration and distribution of multiple metals in a single scan, regardless of the binding environment 49, 54, [58] [59] [60] [61] [62] [63] [64] [65] and has previously been used to study the distribution of metals within the HPCf. 49, [61] [62] [63] 66 Furthermore, XRF is regularly performed at resolutions on the order of microns at a 'typical' synchrotron facility beamline or down to 30 nanometers at specialized beamlines. Previously we reported quantitative XRF analysis of Mn distribution in thin tissue brain sections from a rodent model of Mn intoxication, demonstrating accumulation in the GP, thalamus, and substantia nigra compacta. 54 While Mn accumulation in the basal ganglia is likely responsible for motor dysfunction, Mn accumulation in HPCf might be related to mood stability, memory loss, and learning disorders. 67, 68 Using XRF imaging and cluster analysis we studied Mn, iron (Fe), copper (Cu) and zinc (Zn) content in the HPCf in a rat model of chronic Mn exposure. XRF imaging allowed us to uncover a strong correlation between Mn and Zn distributions in HPCf. We also report the first single cell XRF imaging of Mn in brain slices, showing a diffuse Mn distribution in CA3 cells.
Experimental procedures

Animal treatment
Animal selection and treatment closely follow those described in ref. 69 . Briefly, 8 week old Sprague-Dawley rats (Harlan, Indianapolis) were randomly divided into two groups (n = 4 per group) and were housed in a temperature controlled, 12/12 hour light/dark room. Not all animals were used for a given imaging experiment. Animals were allowed free access to de-ionized water and food (Purina rodent chow 5001, 70 ppm Mn content). At the beginning of the 9th week, animals received intraperitoneal (i.p.) injections of either 6 mg Mn per kg body weight in solution (treated group) or an equal volume of saline solution (control group). Injections were performed on weekdays for a period of four weeks and rats sacrificed 24 hours after the last injection. Plasma Mn concentrations for control and treated animals following this protocol have been reported to be 3.5 AE 0.3 mg L À1 and 34.8 AE 2.3 mg L À1 , respectively, measured at 24 hours after the last injection. 69 Following sacrifice, brains were removed from the skull, blotted to remove excess blood from the exterior of the structure, and snap frozen in liquid nitrogen. Samples were stored at À80 1C. Twelve hours prior to sectioning brains were transferred to a À20 1C freezer; this ensures optimal sample temperature and prevents cracking of the sample during sectioning. All experiments complied with animal rights regulations and were approved by the Institutional Committee on Animal Use at Purdue University.
Preparation of brain sections
Thin tissue brain sections were obtained using a Shandon Cryotome; a frozen sample was attached to a cryocassette at the cerebellum using Tissue-Tek O.C.T. compound (metal free). The cryocassette and the attached brain specimen were then mounted in the cryotome for sectioning. The cutting chamber temperature was maintained at À12 1C during the cutting process. Tissue sections (10 mm and 30 mm thick) were thawed on 4 mm thick polypropylene film secured to plastic frames; 10 mm thick sections were also collected on glass slides (for immunohistochemistry used for this study and Table S1 (ESI †) lists the minimum detection and analyzable limits for the respective data collections. Data collected at BioCAT had the low Z element contributions to the spectrum suppressed by placing two, 8 mm aluminium filters over the detector collimator affording a larger collection solid angle while preventing detector saturation. The detector to sample distance was determined by optimizing the ratio of the unfitted Mn K a peak to the total counts thereby minimizing the background contribution to the spectrum. Single cell measurements taken at Sector 2-ID-D were performed in a helium bag to record the low Z element contributions to the spectrum.
Cluster analysis of XRF images
The HPCf was visually identified and its extent delineated by hand taking care to avoid the central and lateral ventricles adjacent to the structure. As the substructures of the HPCf are heterogeneous in metal content, 49, 62, 66, 74 k-means cluster analysis was employed to objectively identify separate regions. Clustering used both the Fe and Zn signals at equal weights; Fe alone failed to identify the CA3 whereas Zn alone did not delineate the dentate gyrus (DG). Contaminants and/or bubbles would result in a small cluster (o10 pixels) being identified; such pixels were deselected and the analysis repeated. Blood vessels were identified by their strong Fe content as compared to surrounding tissue and their circular shape; vessels were removed before analysis. Five clusters were chosen as more clusters did not delineate any additional, unique anatomical structures. As many as 8 clusters were used on two samples that failed to identify clusters consistent with other samples; in this event, clusters were then merged to form the five clusters. Statistical significance between treatment groups was determined by one-way analysis of variance (ANOVA); analysis of covariance (ANCOVA) was used to determine the similarity of linear regression where appropriate. All statistical analysis used a = 0.05 unless otherwise noted.
Cell body identification
Potassium (K) co-localized with both sulphur (S) and phosphorus (P), indicating that the sample drying did not result in leaching from the cell (Fig. 4) . Therefore, delineation of the cell was performed using the potassium (K) signal, which presented good contrast between the cell body and the surrounding space. Specifically, an exponential filter was applied for contrast enhancement, followed by convolution with a 10 pixel median filter to despeckle the region. The dynamic range of the image was then compressed to the 8-bit grayscale and an unsharp mask applied for edge detection. The largest continuous region was then taken to be the cell body.
Results
HPCf substructure delineation by cluster analysis
Coronal sections of the rodent brain displaying the HPCf were XRF imaged at 10 keV to obtain Mn, Fe, Cu, and Zn distributions. Mn accumulation is readily seen in the CA2-3 and DG regions of treated samples but is still noticeable in the control section (different intensity scale maximum). Fe was most notably contained within the granular cell layer of the DG and the CA1 whereas Zn was primarily located in the PoDG and the CA3-4. Cu was located along the hf and the upper portion of the So. The circular areas of Fe content predominantly observed in the hf are blood vessels (Fig. 1C) ; these areas were excluded prior to analysis. Using the aforementioned clustering, average metal concentration of the regions was calculated and compared. This study found statistically significant Mn increase in treated animals across five identified HPCf regions as compared to control ( Table 2 ). The only other statistically significant change in concentration was a 27% decrease in the Fe content of the HPCf 4 in the Mn treated group as compared to control.
Manganese correlation with other metals
Two color maps of Mn-Fe, Mn-Cu, and Mn-Zn showed that Mn co-localizes with Zn in the CA3 and to a lesser extent with Fe in the DG ( Fig. 2A) . To further examine Mn co-localization with Table 3 summarized the fit parameters and correlation results. The DG, where our analysis showed co-localization of the Fe and Mn signals ( Fig. 2A) , was quite small and thus a scan of the crest of the DG was performed in treated rat at increased pixel resolution (7 mm Â 7 mm; Fig. 3A ). This scan clearly showed Mn accumulation in the blades of the DG, which was 17% higher than the Mn concentration in the immediate surrounding area. Fe was also concentrated in this area, although it appeared to be contained within a narrower region. The mean metal concentrations and linear fit parameters are presented in Tables 2 and 4, c Treated rodents exposed to 20 mg Mn per mL drinking water from birth to 120 days. d Treated rodent exposed to 1 mg Mn per mL drinking water from birth to 130 days.
e n = 2/3 animals (control/treated). Points are color-matched to the regions specified in Fig. 1B and bars indicate the standard deviation for the given data points. Data points from control/treated samples are to the left/right of the vertical grey line respectively; n = 2/4 animals (control/treated) for HPCf 1&2, and n = 2/3 for HPCf 3-5. One treated animal was measured at both Bregma locations. Linear fit parameters and respective Pearson's correlation coefficients are given in Table 3 . Fits were weighted according to the variance of the data points. All numbers are given in mg g À1 . These hotspots are likely the result of Cu accumulations in astrocytes. 80 The PoDG region was rich in Zn but did not show a significant correlation with Mn (r = À0.01, p = 0.77). The strongest correlation was observed between Mn and Zn in HPCf2 (blue; r = 0.51, p o 0.01).
Subcellular XRF imaging of Mn
Cells of the CA3 were selected for single cell imaging due to the high Mn concentration in this area and the ease by which the CA3 is identified by its strong Zn content (Fig. S1, 82 and therefore, assuming a pyramidal cell has been selected, less than two full cells should be present through the depth of the sample. A total of 11 control and 9 treated cells were measured (n = 4/3 control/ treated; Fig. 4 ; Fig. S3 & S4, ESI †). We do not think that sample drying resulted in significant re-distribution of elements. For instance, if such re-distribution would occur, K would be the first element to re-distribute due to its high mobility. However, K co-localizes with both S and P (Fig. 4) , elements that are bound to bio-molecules and therefore do not easily diffuse. Thus, K did not leach from the cell due to sample drying and therefore re-distribution of other elements is similarly insignificant. Table 4 . Sample thickness obscured the nucleus/cell body boundary and therefore subcellular divisions were not considered. Nevertheless, localized Fe and Cu hotspots are easily visible; should highly localized Mn accumulations occur they should similarly be detectable. Cellular trace metal concentrations (Table 5 ) were higher as compared to the images of the bulk structures (i.e. 40 mm Â 40 mm pixel size). This is likely due to heterogeneous distribution of metal inside and outside the cells. Chronic Mn exposure resulted in the significant increase of Mn content inside cells. Differences in average elemental content (P, S, K, Cl, Ca, K, Fe, Cu, & Zn) between the control and treated cells were not statistically significant (Table 5 & Fig. S5 , ESI †). The large standard deviations demonstrated a high degree of cell-to-cell variability in intracellular metal contents (Fig. S5A , ESI †). Potassium is distributed throughout the soma and therefore can be used to delineate the extent of the cell body. From visual inspection, Mn is distributed throughout the cell, although high Mn concentration appears in the areas of high P and K content. The Fe distribution is highly heterogeneous inside the cells with small, localized accumulations that do not co-localize with any other element. Cu hotspots, on the order of microns in size, appeared at the extremities of the cell body; these are likely occurred inside astrocytes or their processes which propagated between the measured cells 80 ( Fig. S6, ESI †) .
Due to the cell-to-cell variation in metal content, additional data processing was performed to produce pixel scatter plots. For a given cell, the average metal content was subtracted from each pixel value. Data were then binned and plotted as a 2-dimensional histogram (Fig. S5B, ESI †) ; linear regression parameters of un-binned data are reported (Table 6 ). For both control and treated cells, the strongest correlations observed are between Mn-K for both control and treated cells followed by Mn-Zn. Both Mn-K and Mn-Zn have a 60% decrease in the scatter plot slope in treated samples, which is statistically significant according to ANCOVA.
In comparison with cells of the subventricular zone (SVZ) processed in a similar fashion (data not shown), the P and K content were on the same order of magnitude whereas dramatic differences were seen in Fe, Cu, and Zn contents. Astrocytes of the SVZ are known to accumulate unusually high Cu on the order of 100 mM concentrations. 80 
Discussion
Mn accumulation and distribution in the hippocampus has been studied previously by MRI, [47] [48] [49] [50] 83, 84 radiography, 85 and XRF. 49 From a survey of the literature, it is clear that the amount of Mn retained in HPCf depends on the Mn administration protocol and time between last Mn injection and animal sacrifice. Thus, Mn accumulation and retention in HPCf is presumably a highly dynamic process. Qualitatively, Mn distribution in the hippocampus has been monitored by increased MRI T 1 weighted signal intensity for both acute [47] [48] [49] [50] and chronic Mn exposure. 83 The strongest signal enhancements were noted in the CA3 and DG with the weakest being in the CA1. 47, 48 Similar enhancement of the CA3 and DG has been noted for neonatal (P4) mice 24 hours post injection. 84 In agreement with previous studies, [47] [48] [49] [50] our data highlight the CA3 and DG as targets of Mn accumulation under the condition of chronic Mn exposure; the PoDG, identified due to increased resolution, can also be included. Quantitatively, considering the HPCf as a single unit, the average Mn content measured in this study is only 30% higher than reported in ref. 75 where quantification was performed by AAS. Both studies used the same animal treatment protocol, however, for our study the post-injection time was only 24 hours rather than 2 weeks. Using neutron activation analysis (NAA), Moldovan, Al-Ebraheem, Miksys, Farquharson and Bock 77 reported a Mn content twice as large as this study for the same absolute Mn exposure (120 mg Mn total), however treatment 69, 87 Transferrin receptor mediated endocytosis has been proposed to transport Mn into the cell in the form of Mn 3+ -transferrin complex. 88 It has been shown that Fe deficiency results in the up-regulation of transferrin and transferrin receptor expression, 89, 90 and that dietary Mn exposure coupled with Fe deficiency results in an increased Mn uptake into the HPCf. [90] [91] [92] Our earlier studies of other brain areas also had shown positive correlation between Fe content and Mn accumulation. 54 Mn accumulation in the DG, the area of highest Fe content, suggests that Fe transport may play a role in Mn uptake in this structure. Furthermore, Fe content in this region was observed to decrease significantly, possibly suggesting either competition between Fe and Mn for transport or a saturation of transport into/storage within the cell. The slope of the Mn-Fe scatter plot of HPCf regions changes from positive to negative between control and treated brain (Fig. 2B ) also suggesting the saturation of the Fe pathway for Mn transport in the HPCf. Visualization at single cell resolution presents a picture with defined Fe accumulation inside cells of the CA3, which do not show Mn co-accumulation and are not altered with Mn exposure. Mn distribution inside cells is diffuse whereas Fe is found in small concentrated regions (Fig. 4) . Thus, intracellular Fe and Mn are bound/localized differently.
The moderate Mn-Cu anti-correlation supports that sites of Cu accumulation do not correspond to areas of high Mn content. Cu has been shown to accumulate in astrocytes, both in culture [93] [94] [95] and in brain tissue. 80 The strong Mn-Zn correlation ( Fig. 2 and 58 Cell cultures are quite different from brain cells in situ as the brain barriers that regulate trace metal access are absent. The strongest correlation observed in our single cell study is for Mn-K (Table 6 ). Our results agree with Ayotte and Plaa, 113 which reports comparable
Mn concentration in the cytoplasm and the nucleus up to 3 hours post-injection. However, considering both the sample thickness used for this study and the sample variability observed (Fig. S5 , ESI †), additional work is necessary to examine subcellular accumulation in situ using XRF imaging. Clearly no localized Mn accumulations were observed in examined cells.
Conclusion
Here we present the quantitative imaging analysis of the effects of chronic Mn exposure on metal accumulation within the HPCf as measured by XRF. Statistically significant increases in Mn concentration were observed for all substructures of the HPCf as well as a decreased Fe concentration in the DG (p o 0.01). Manganese was confirmed to preferentially accumulate in the DG, PoDG, and CA3 (B1.2 mg g À1 ); this concentration is less than that observed for the GP (B1.5 mg g À1 ) but roughly that of the substantia nigra and thalamus (B1.2 mg g À1 ). 54 A strong Mn-Zn positive correlation (r = 0.68, p o 0.01) was found across the five divisions of the HPCf. We suggest that this could be indicative of a global Zn associated mechanism for Mn transport and/or storage within the HPCf, with potential involvements of specifically ZIP8 or ZnT3 (transporter primarily found in mossy fibers of the HPCf). The changed Mn-Fe scatter plot slope for treated samples as compared to control is possibly due to a saturation of a Fe transport/storage mechanism; presumably this mechanism is more strongly expressed in the DG thereby explaining the statistically significant decrease in Fe concentration. Further study is necessary to solidify this inference.
Single cell imaging of CA3 neurons revealed an increased Mn concentration, however cell to cell variability prevents any other meaningful statement regarding other elements. Cellular distribution of Mn was diffuse, confirmed by a strong correlation with K (control and treated, r > 0.50, p o 0.01), which is known to be present throughout the nucleus and cytoplasm. 
